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Basic Problem of GalaxyBasic Problem of Galaxy
FormationFormation

 How do we turn this atHow do we turn this at
zz≈≈1089 (1089 (δδ~10~10-6-6))……

 into this at zinto this at z≈≈00
((δδ~10~106+6+)?)?

 We have a We have a veryvery
successful theory forsuccessful theory for
large-scale structurelarge-scale structure
formation in hand withformation in hand with
ΛΛCDM.CDM.

 How do galaxies formHow do galaxies form
inside large-scaleinside large-scale
structures?structures?
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ConcordanceConcordance
ModelModel

 ΛΛCDM with CDM with ΩΩmm≈≈0.3,0.3,
ΩΩΛΛ≈≈0.7, H0.7, H00≈≈7070
km/km/s/Mpcs/Mpc, n, n≈≈1:  Works1:  Works
over a wide range ofover a wide range of
scales, for wide range ofscales, for wide range of
observations.observations.

From Max Tegmark ΩΩbb≈≈0.04 (baryon density):0.04 (baryon density):
 [D/H] + BBN: [D/H] + BBN: ΩΩbb≈≈0.019h0.019h-2-2 (cf. Kris  (cf. Kris SigurdssonSigurdsson’’ss talk). talk).
 CMB: Height of first peak relative to second givesCMB: Height of first peak relative to second gives
ΩΩbb≈≈0.024h0.024h-2-2..

 LyLyαα forest:  forest: ττ  ∝∝  ρρ22//ΓΓHIHI, measure <, measure <ττΗΙΗΙ>, >, ΓΓHIHI ⇒ ⇒  ΩΩbb
22..

 We have the framework within which to studyWe have the framework within which to study
baryons!baryons!



Theory vs. ObservationsTheory vs. Observations
A successful theory of galaxy formation must self-consistentlyA successful theory of galaxy formation must self-consistently

explain a growing set of multi-wavelength data across muchexplain a growing set of multi-wavelength data across much
of cosmic time:of cosmic time:

 Cosmic star formation historyCosmic star formation history, as a function of color and, as a function of color and
mass.mass.

 Luminosity functionsLuminosity functions of galaxies, from UV to NIR, from of galaxies, from UV to NIR, from
z~0z~0__5+5+..

 ClusteringClustering of galaxies and properties as a function of of galaxies and properties as a function of
environment.environment.

 The The Hubble sequenceHubble sequence, its establishment and evolution., its establishment and evolution.
 Color-magnitude diagrams showingColor-magnitude diagrams showing red sequence red sequence and blue and blue

cloud.cloud.
 X-Ray observations of X-Ray observations of excess entropyexcess entropy in clusters & groups. in clusters & groups.
 Sub-mm/FIR sources and the amount of Sub-mm/FIR sources and the amount of dust-enshroudeddust-enshrouded

SFSF..
 Quasar spectra showing IGM Quasar spectra showing IGM metalsmetals that must originate in that must originate in

galaxies.galaxies.
 The appearance of large The appearance of large central AGNcentral AGN, particularly at early, particularly at early

times.times.

We have at our disposal:We have at our disposal:  Cosmological parameters, an  Cosmological parameters, an
understanding of the nonlinear growth of structure, someunderstanding of the nonlinear growth of structure, some
scaling relations for star formation in disk-like environments,scaling relations for star formation in disk-like environments,
and some huge computers.and some huge computers.

CAN WE DO IT?CAN WE DO IT?



Modeling GalaxyModeling Galaxy
FormationFormation

 Analytic (70Analytic (70’’s): s): White&ReesWhite&Rees::
Dark halo Dark halo growth+baryonicgrowth+baryonic
cooling cooling ⇒⇒  galaxiesgalaxies..
Rees&OstrikerRees&Ostriker, , BinneyBinney..

 ““Semi-analyticSemi-analytic”” (Kauffmann & (Kauffmann &
White 92): White 92): Press-Press-SchecterSchecter
halo population + halo population + merger treesmerger trees
+ star formation recipe + star formation recipe ⇒⇒
ensemble galaxy properties.ensemble galaxy properties.

 N-body simulations (80N-body simulations (80’’s):s):
Cosmic WebCosmic Web.  Merged with.  Merged with
SAMsSAMs (00 (00’’s).s).

 Hydro simulations (90Hydro simulations (90’’s).s).
 Many competing highlyMany competing highly

nonlinear processes must benonlinear processes must be
predicted to high precision predicted to high precision ⇒⇒
Simulate!Simulate!
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Semi-Analytic ModelsSemi-Analytic Models
((SAMsSAMs))

 Idea: Galaxy properties are governed byIdea: Galaxy properties are governed by
mass & merging history of halos inmass & merging history of halos in
which they reside.which they reside.

 Obtain halo merging history by MonteObtain halo merging history by Monte
Carlo realization of EPS, or from N-bodyCarlo realization of EPS, or from N-body
simssims..

 Concepts:  (spherical Concepts:  (spherical White&ReesWhite&Rees
halos)halos)
 Gas settles into disks, forms stars.Gas settles into disks, forms stars.
 Halo mergers Halo mergers ⇒⇒ Galaxy mergers on  Galaxy mergers on ttdyndyn

⇒⇒ burst of SF + morphology altered. burst of SF + morphology altered.
 Feedback in various forms (Feedback in various forms (egeg  SNeSNe,,

AGN),   plus metal production.AGN),   plus metal production.
 Compare to data: dust reprocessing,Compare to data: dust reprocessing,

stellar models, population synthesisstellar models, population synthesis……
 Each concept is described by a (set of)Each concept is described by a (set of)

parameters.  Parameters are tuned toparameters.  Parameters are tuned to
match some observations @ z~0.match some observations @ z~0.

 SAMsSAMs are fast, can make a wide range are fast, can make a wide range
of predictions, and match observedof predictions, and match observed
trends.trends.

 However, they have MANY freeHowever, they have MANY free
parameters, and rely on some dubiousparameters, and rely on some dubious
assumptions.assumptions.
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Simulating Forming GalaxiesSimulating Forming Galaxies
 SAMsSAMs are cheap and easily tunable (always are cheap and easily tunable (always

matches data!); N-body simulations are morematches data!); N-body simulations are more
expensive but reliable;             Hydro expensive but reliable;             Hydro simssims are are
brutally costly and painfully inaccurate!brutally costly and painfully inaccurate!
Simulating Dark MatterSimulating Dark Matter
Gravity:  GmGravity:  Gm11mm22 / r / r22

2005 status
Largest N:      1010

Dynamic Range:
3x105



Simulating Forming GalaxiesSimulating Forming Galaxies
 SAMsSAMs are cheap and easily tunable (always are cheap and easily tunable (always

matches data!); N-body simulations are morematches data!); N-body simulations are more
expensive but reliable;             Hydro expensive but reliable;             Hydro simssims are are
brutally costly and painfully inaccurate!brutally costly and painfully inaccurate!
Simulating Dark MatterSimulating Dark Matter
Gravity:  GmGravity:  Gm11mm22 / r / r22

Simulating BaryonsSimulating Baryons
Gravity:  GmGravity:  Gm11mm22 / r / r22

Pressure:  -Pressure:  -∇∇P/P/ρρ
Shocks: ViscosityShocks: Viscosity
Cooling: Cooling: ΛΛ((ρρ,T,T))
PhotoionizationPhotoionization: : JJνν((rr,T,,T,ρρ))
Heuristic star formationHeuristic star formation
Supernova feedback/windsSupernova feedback/winds
Heavy element productionHeavy element production
Active Galactic NucleiActive Galactic Nuclei
Magnetic fieldsMagnetic fields……

2005 status
Largest N:      2x108

Dynamic Range:
5x104



Elements of Galaxy Formation TheoryElements of Galaxy Formation Theory
 How does gas get How does gas get intointo galaxies? galaxies?

 CDM + shock heating + coolingCDM + shock heating + cooling
      ⇒⇒  Classic overcooling problemClassic overcooling problem

 How does gas get How does gas get outout of galaxies? of galaxies?
 Feedback, winds, AGN, jets, etc.Feedback, winds, AGN, jets, etc.

 Bottom line:Bottom line: Lots of understanding and Lots of understanding and
progress on the former, little understandingprogress on the former, little understanding
of the latter.of the latter.



How Gas Gets Into GalaxiesHow Gas Gets Into Galaxies
 Modes of Gas AccretionModes of Gas Accretion (Keres et al 05): (Keres et al 05):

-- Hot Mode:Hot Mode: ( (White&ReesWhite&Rees 78) Gas shock 78) Gas shock
heats at haloheats at halo’’s s virialvirial radius up to  radius up to TTvirvir, cools, cools
slowly onto disk.  Limited by slowly onto disk.  Limited by ttcoolcool..

-- Cold Mode:Cold Mode:  (  (BinneyBinney 77) Gas radiates its 77) Gas radiates its
potential energy away in line emission atpotential energy away in line emission at
T<<T<<TTvirvir, and never approaches , and never approaches virialvirial
temperature. Limited by temperature. Limited by ttdyndyn..

 Cold mode dominatesCold mode dominates
in in small systemssmall systems  
((MMvirvir<3x10<3x101111MM), and ), and 
thus at thus at early timesearly times..
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Accretion in aAccretion in a
Growing HaloGrowing Halo

 Left panels: Left panels: z=5.5z=5.5,,
right panels: right panels: z=3.2z=3.2..

 Halo grows fromHalo grows from
M~10M~101111MM__10101212MM,,
changes from cold changes from cold __
hot mode dominated.hot mode dominated.

 Left shows cold modeLeft shows cold mode
gas as green; Rightgas as green; Right
shows hot mode asshows hot mode as
green.green.

 Cold mode Cold mode filamentaryfilamentary,,
extends beyond extends beyond RRvirvir;;
hot mode hot mode quasi-quasi-
sphericalspherical within  within RRvirvir..
FilamentarityFilamentarity enhances enhances
cooling.cooling.

z=5.5 z=3.2

Density (4Rvir)

Temperature

Temp (Rvir)

Keres et al 2005



Global Accretion in Hot & ColdGlobal Accretion in Hot & Cold
ModesModes

 Accretion rate shows Accretion rate shows twotwo
distinct modesdistinct modes, based on, based on
maximum temperaturemaximum temperature
reached by gas.reached by gas.

 Cold mode Cold mode dominates atdominates at  z>2.z>2.
At z~3, 95% of gas has neverAt z~3, 95% of gas has never
reached reached TTvirvir before forming before forming
into stars.into stars.

 Global Global TTthreshthresh≈≈2.5x102.5x1055K.K.
 Clearest separation in haloClearest separation in halo

mass, with dividing mass ofmass, with dividing mass of
~~101011.411.4MM  (depends on(depends on
ΩΩbb//ΩΩmm).).

 Results confirmed in 1-DResults confirmed in 1-D
models of galaxy growthmodels of galaxy growth
((BirnboimBirnboim &  & DekelDekel 2003), 2003),
which represents requirementwhich represents requirement
for for stability of accretion shockstability of accretion shock..

Keres et al 2005



Analytic Analysis of Shock StabilityAnalytic Analysis of Shock Stability
 Birnboim & Dekel (2003):Birnboim & Dekel (2003):

Shocks near Shocks near virialvirial radius radius
are are unstableunstable to  to radiativeradiative
cooling for  cooling for  MMhalohalo  < few x< few x
10101111MM..

 In this 1-D model ofIn this 1-D model of
cosmological halo growth,cosmological halo growth,
virialvirial shock is not formed shock is not formed
until this Luntil this L** halo has halo has
accreted the bulk of itsaccreted the bulk of its
mass, after z~2.mass, after z~2.

 Similar threshold is seenSimilar threshold is seen
using Gadget-2;using Gadget-2;
qualitatively similarqualitatively similar
behaviorbehavior in AMR. in AMR.



Threshold Mass:Threshold Mass:
Sims vs. Sims vs. SAMsSAMs

 Threshold mass for hotThreshold mass for hot
accretion: accretion: MMhalohalo≈≈101011.411.4MM..

 Cooling time argumentsCooling time arguments
alone (alone (FrenkFrenk & White 91) & White 91)
typically used in typically used in SAMsSAMs
give somewhat  lowergive somewhat  lower
threshold mass.threshold mass.

 To get stable To get stable virialvirial shock, shock,
need both need both long coolinglong cooling
time time and and interior pressureinterior pressure
supportsupport (grown from (grown from
central galaxy).central galaxy).

Keres et al, in prep

No UV background

With UV background



Detecting Cold AccretionDetecting Cold Accretion
 Potential energy of Potential energy of infallinginfalling gas emitted in  gas emitted in HI and HI and HeIIHeII lines lines..
 Should be detectable as faint Should be detectable as faint LyLyαα blobs blobs around high-z around high-z

galaxies.galaxies.
 Many blobs (~40) seen by Matsuda et al 2004; largestMany blobs (~40) seen by Matsuda et al 2004; largest

((SteidelSteidel’’ss &  & DeyDey’’ss) likely fueled by outflows/AGN, but most) likely fueled by outflows/AGN, but most
exceed Eexceed ESFSF..

 We are obtaining imaging spectroscopy of We are obtaining imaging spectroscopy of LyLyαα blobs in CDF- blobs in CDF-
S using custom z~2.5 narrowband filter on Magellan (firstS using custom z~2.5 narrowband filter on Magellan (first
blindblind blob survey), eventually with HeII(1640) follow-up as blob survey), eventually with HeII(1640) follow-up as
discriminator of blob origin.discriminator of blob origin.

Yang et al 2005:
Simulated Lya
(top) and HeII
emission maps.



Major Merging vs. SmoothMajor Merging vs. Smooth
AccretionAccretion

 HalosHalos grow by merging, but grow by merging, but
in general in general galaxiesgalaxies don don’’t!t!

 Jeans mass for baryons isJeans mass for baryons is
large (compared to darklarge (compared to dark
matter), so gas getsmatter), so gas gets
““smoothedsmoothed”” prior to falling prior to falling
into galaxy.into galaxy.

 Galaxies get most of theirGalaxies get most of their
mass by mass by smooth accretionsmooth accretion
or minor mergers, or minor mergers, notnot major major
mergers.mergers.

 Minor mergers contributeMinor mergers contribute
little at lower little at lower redshiftsredshifts..

 Globally, Globally, SFR followsSFR follows
smooth accretionsmooth accretion rate. rate.

 Merger rates Merger rates agree withagree with
CNOCCNOC; now comparing to; now comparing to
SDSS.SDSS.

Keres et al 2005



Summary: From Analytic toSummary: From Analytic to
SimulationsSimulations

 Galaxy formation theory has a long history, invariablyGalaxy formation theory has a long history, invariably
lagging behind (equally rapidly-improving) observations.lagging behind (equally rapidly-improving) observations.

 Early analytic models (70Early analytic models (70’’s) provided framework fors) provided framework for
understanding basic properties of galaxies.understanding basic properties of galaxies.

 These models were built upon by These models were built upon by SAMsSAMs, adding a host of, adding a host of
parameters to match observational properties in a simpleparameters to match observational properties in a simple
(and fast) framework.(and fast) framework.

 Simulations capture the full dynamics of gas accretion,Simulations capture the full dynamics of gas accretion,
but limited by CPU time, resolution, and volume.  Also,but limited by CPU time, resolution, and volume.  Also,
they still need heuristic prescriptions (like they still need heuristic prescriptions (like SAMsSAMs) for) for
subgridsubgrid processes. processes.

 Simulations have provided interesting modifications to theSimulations have provided interesting modifications to the
standard analytic lore of galaxy formation, including thestandard analytic lore of galaxy formation, including the
importance of importance of ““cold modecold mode”” and fundamental differences in and fundamental differences in
the behavior of baryons compared to the dark matter.the behavior of baryons compared to the dark matter.



Galaxy Formation Sims: StatusGalaxy Formation Sims: Status
ReportReport

 Fundamental predictions:Fundamental predictions:
 Plenty of early, massive galaxiesPlenty of early, massive galaxies; plenty of early star; plenty of early star

formation.formation.
 Big galaxies form stars fast & earlyBig galaxies form stars fast & early in small units, then  in small units, then drydry

mergemerge..
 Early galaxies are highly biased and clusteredEarly galaxies are highly biased and clustered; reduces; reduces

with time.with time.
 Predictions that seem to disagree withPredictions that seem to disagree with

observations:observations:
 OvercoolingOvercooling: Without feedback, too many stars form.: Without feedback, too many stars form.
 Luminosity functionLuminosity function: Too many bright galaxies, faint steep: Too many bright galaxies, faint steep

end.end.
 Angular momentum problemAngular momentum problem: Can: Can’’t form Sc/d galaxiest form Sc/d galaxies

(easily).(easily).
 Color problemColor problem: Can: Can’’t get a red sequence of t get a red sequence of ““dead reddead red””

galaxies.galaxies.
 IGM metals mysteryIGM metals mystery: How and when did they get there?: How and when did they get there?
 Entropy crisisEntropy crisis:  Not enough entropy in clusters and groups.:  Not enough entropy in clusters and groups.



Gadget-2 Hydro SimulationsGadget-2 Hydro Simulations
 Entropy-conservativeEntropy-conservative SPH + Tree-PM (Springel & Hernquist). SPH + Tree-PM (Springel & Hernquist).
 H&HeH&He cooling,  cooling, JJνν (uniform), star formation matching  (uniform), star formation matching KennicutKennicut

LawLaw..
 Multi-phaseMulti-phase  subgridsubgrid ISM model, based on McKee &  ISM model, based on McKee & OstrikerOstriker..
 Thermal Thermal feedback (added to hot ISM) and feedback (added to hot ISM) and superwindsuperwind

feedback (expels gas from galaxies in feedback (expels gas from galaxies in vv__aa  direction, withdirection, with
vvwindwind~500 km/s).~500 km/s).

 A state of the art simulation:A state of the art simulation:
 2x4862x48633 particles:  particles: mmSPHSPH=1.3x10=1.3x1088 M M..
 L=100 L=100 Mpc/hMpc/h, , εε==5 5 kpc/hkpc/h..
 ΛΛCDMCDM: : ΩΩ=0.3, h=0.7, =0.3, h=0.7, σσ88=0.9, =0.9, ΩΩbb=0.04.=0.04.

 Recent additions:Recent additions:
 Metal coolingMetal cooling: adds 30-50% to global M: adds 30-50% to global M**..
 Momentum-driven windsMomentum-driven winds: : vvwindwind∝∝σσgalgal..
 Type Type IaIa supernovae enrichment. supernovae enrichment.

V. Springel



Global SFR & Luminosity EvolutionGlobal SFR & Luminosity Evolution
-- Cosmic SFH agrees reasonablyCosmic SFH agrees reasonably

well, with a well, with a peak at z>5peak at z>5.  Perhaps.  Perhaps
too much early SF?  Datatoo much early SF?  Data
uncertain.uncertain.

-- Rudnick et al (2004)Rudnick et al (2004): SDSS +: SDSS +
Combo-17 + FIRES, selectingCombo-17 + FIRES, selecting
massive galaxies to z~3.massive galaxies to z~3.

-- Simulations show that universeSimulations show that universe
was brighter in past in U and (lesswas brighter in past in U and (less
so) in V, by roughly the observedso) in V, by roughly the observed
factors.factors.

-- Kristian (after coffee) will showKristian (after coffee) will show
more detailed comparisons atmore detailed comparisons at
z~4.z~4.

-- Overall broad agreement Overall broad agreement inin
evolution of stellar mass evolution of stellar mass andand SFR SFR
in massive galaxies.in massive galaxies.



Massive Galaxy EvolutionMassive Galaxy Evolution
 NIR Surveys: MassiveNIR Surveys: Massive

galaxies are in place at z~2galaxies are in place at z~2
⇒⇒Early epoch of stellar mass
growth in the Universe..

 Number densities seen in
e.g. K20 to z~2 agrees with
models: Big galaxies Big galaxies formform
stars earlystars early, then , then ““dry mergedry merge””..

 Downsizing is a natural
consequence of galaxy
formation processes (i.e. it is
hierarchicial, not anti-
hierarchical!).  High-σ
perturbations collapse first,
start forming stars, then get
too hot and reduce their
birthrate ⇒  Stellar ages
inversely correlated with halo
ages.

Van den
Bosch
etal 04

Halos

Galaxies



No Red &No Red &
DeadsDeads!!

 Clusters & field Clusters & field ellipticalsellipticals lie lie
along along red sequencered sequence, at U-, at U-
VV≈≈1.5, with brighter galaxies1.5, with brighter galaxies
redder.redder.

 Simulations show Simulations show no redno red
sequencesequence, no trend with M, no trend with MVV..

 Truncate SFTruncate SF in galaxies with in galaxies with
MM**>2x10>2x101010MM: No blue cloud,: No blue cloud,
no gap!  (Mno gap!  (M**-Z relation-Z relation
included).included).

 Eliminate hot modeEliminate hot mode accretion: accretion:
More blue cloud objects, butMore blue cloud objects, but
odd looking red sequence/colorodd looking red sequence/color
gap.gap.

 Truncating SF on bulge massTruncating SF on bulge mass
in in SAMsSAMs seems to work OK seems to work OK
(Somerville (Somerville etaletal).).

 What causes truncationWhat causes truncation
(AGN)?  Transition objects(AGN)?  Transition objects
(E+A/(E+A/submmsubmm)?  When does)?  When does
this happen?this happen?

Bell et al 2003



SCUBA sources and SCUBA sources and EROERO’’ss
 Lots of bright sub-mmLots of bright sub-mm

galaxies at z>2, withgalaxies at z>2, with
SFR~1000 MSFR~1000 M/yr./yr.

 Using simulatedUsing simulated
SFRSFR__FF850850 (for various (for various
dust models) yieldsdust models) yields
deficit at bright enddeficit at bright end……
need to check withneed to check with
updated models!updated models!

 Possibly related:Possibly related:
Enough Enough EROERO’’ss/ / DRGDRG’’ss
at z~2? Need E(B-at z~2? Need E(B-
V)~0.4 (Nagamine etV)~0.4 (Nagamine et
al).al).

 Lack of merger-inducedLack of merger-induced
bursts?  How dobursts?  How do
SCUBA sources relateSCUBA sources relate
to to EROERO’’ss, , LBGsLBGs and and
QSOsQSOs??

Fardal et al. 2001



X-Ray Scaling RelationsX-Ray Scaling Relations
 Scaling relations depart fromScaling relations depart from

““self-similarself-similar””  ⇒⇒  increasedincreased
entropyentropy in smaller systems in smaller systems
(lower L(lower LXX).).

 Simulations in broad agreementSimulations in broad agreement
with trends (but tantalizinglywith trends (but tantalizingly
low), in both inner and outerlow), in both inner and outer
regions.regions.

 Trend produced by Trend produced by increasedincreased
efficiency of galaxy formationefficiency of galaxy formation in in
smaller systems (Bryan & smaller systems (Bryan & VoitVoit).).

 SN feedback SN feedback preventsprevents
overcoolingovercooling, but mild effect on, but mild effect on
scaling relations.scaling relations.

 Kay Kay etaletal: Add lots of S to 10% of: Add lots of S to 10% of
cluster gas, can match relations.cluster gas, can match relations.

 Is non-gravitational heatingIs non-gravitational heating
needed to match scalingneeded to match scaling
relations?  If so, when?  What isrelations?  If so, when?  What is
transition mass from transition mass from ““hothot
baryonbaryon”” systems to  systems to ““coldcold
baryonbaryon”” systems? systems?

Dave, Katz, Weinberg 2002

0.1Rvir

0.7Rvir

Borgani et al 2004

Kay et al 2004



McNamara et al 2005

Cluster Bubbles: SmokingCluster Bubbles: Smoking
Gun?Gun?

 Cooling flows not seenCooling flows not seen
in accord within accord with
expectations:  Needexpectations:  Need
central heat source.central heat source.

 ““BubblesBubbles”” seen in seen in
radio & X-ray mapsradio & X-ray maps
contain hot, tenuouscontain hot, tenuous
gas.  Adding ~1/3gas.  Adding ~1/3
keV/barykeV/bary to ICM. to ICM.

 Intermittent AGNIntermittent AGN
heating can preventheating can prevent
cooling flowscooling flows
((RuzskowskiRuzskowski  etaletal).).

 How much energyHow much energy
does this add to ICM?does this add to ICM?
When does When does ““pre-pre-
heatingheating”” occur? occur?

Ruzskowski, Begelman, Bruggen



Simulating AGN FeedbackSimulating AGN Feedback
 DiDi  MatteoMatteo, Springel, Hernquist, , Springel, Hernquist, etaletal: Couple AGN heat to gas: Couple AGN heat to gas

based on based on EddingtonEddington accretion rate in (unresolved) central region. accretion rate in (unresolved) central region.
 Forms AGN that satisfy MForms AGN that satisfy MBHBH--σσ slope, and truncate SF rapidly. slope, and truncate SF rapidly.
 Realistic?  Hmm, wellRealistic?  Hmm, well…… the thing is, something like this  the thing is, something like this mustmust

happen!happen!



CDM on Small (galactic) Scales:CDM on Small (galactic) Scales:
Trouble?Trouble?

 ``Cusp problem``Cusp problem””: CDM predicts : CDM predicts cuspycuspy
halos, observations of halos, observations of LSBsLSBs show cores. show cores.

 NFW (NFW (αα=1), Moore =1), Moore etaletal ( (αα≈≈1.5)1.5)
 BUTBUT…… Observations very hard, most Observations very hard, most

systematicssystematics push towards cores, so push towards cores, so
unclear if problem real.unclear if problem real.

 Modified DM?  Self-interacting, decaying,Modified DM?  Self-interacting, decaying,
annihilating, fuzzy, ...annihilating, fuzzy, ...

 ``Substructure problem``Substructure problem””: CDM predicts: CDM predicts
self-similar halos, observations showsself-similar halos, observations shows
clusters have MANY more clusters have MANY more subhalossubhalos than than
galaxies like Milky Way.galaxies like Milky Way.
 Moore Moore etaletal 99 shows 2 orders of  99 shows 2 orders of magmag

discrepancy.  CDMdiscrepancy.  CDM__ΛΛCDM + moreCDM + more
satellites found reduces to 1 satellites found reduces to 1 dexdex..

 Perhaps halos are there, but stars havenPerhaps halos are there, but stars haven’’tt
formed: formed: reionizationreionization?  Simple model works?  Simple model works
well (well (KravtsovKravtsov  etaletal 01; Somerville  01; Somerville etaletal 01). 01).

 LensingLensing indicates substructure in indicates substructure in
agreement with CDM, but mostly sensitiveagreement with CDM, but mostly sensitive
to big to big satssats..

McGaugh et al 2001
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ConclusionsConclusions
 We are still not quite able to simulate the observed populationWe are still not quite able to simulate the observed population

of galaxies arising from primordial density perturbations.of galaxies arising from primordial density perturbations.
 Clustering, LSS, Clustering, LSS, LyLyαα forest, etc, all point to  forest, etc, all point to ΛΛCDM beingCDM being

successful on large scales (>100 successful on large scales (>100 kpckpc).  [Perhaps issues on).  [Perhaps issues on
small scales?]small scales?]

 Basic predictions of current simulations:Basic predictions of current simulations:
 Plenty of big early galaxies, due to Plenty of big early galaxies, due to ““cold modecold mode”” path for galaxy path for galaxy

growth.growth.
 Major merging is a subdominant growth mode overall, though bigMajor merging is a subdominant growth mode overall, though big

galaxies grow by dry merging.galaxies grow by dry merging.
 TrendTrend of downsizing is a fundamental, but  of downsizing is a fundamental, but strengthstrength is not predicted is not predicted

correctly.correctly.
 Simulations are able to match the cosmic star formationSimulations are able to match the cosmic star formation

history, luminosity density, luminosity functions, and otherhistory, luminosity density, luminosity functions, and other
properties at high properties at high redshiftsredshifts (e.g.  (e.g. KristianKristian’’ss talk next), thanks to talk next), thanks to
recent improvements.recent improvements.

 Feedback is the dominant issue that remains to be solved.Feedback is the dominant issue that remains to be solved.
AGN feedback offer best hope to solve a host of problemsAGN feedback offer best hope to solve a host of problems
concurrently, but is it viable?  Better understanding ofconcurrently, but is it viable?  Better understanding of
supernova feedback, particularly supernova feedback, particularly superwindssuperwinds, also required., also required.

 Need observational Need observational ““smoking gunssmoking guns”” of feedback in action, to of feedback in action, to
help inform and constrain models.help inform and constrain models.



BirthratesBirthrates of Simulated Galaxies of Simulated Galaxies

-- Birthrate = Birthrate = ttHubbleHubblexSFRxSFR/M/M**
-- Trend to Trend to lower birthrates inlower birthrates in

larger galaxieslarger galaxies  –– GOOD. GOOD.
-- Massive galaxies showMassive galaxies show

large birthrates at z=0large birthrates at z=0  ––
BAD.BAD.

-- Need truncated SFR inNeed truncated SFR in
massive galaxies: massive galaxies: AGNAGN??
(Springel (Springel etaletal 04) 04)

-- When are birthrates ofWhen are birthrates of
massive galaxies truncatedmassive galaxies truncated
in real universe?in real universe?

Red: U-V>1  Blue: U-V<1  Green: V>-20



Correlations of Physical PropertiesCorrelations of Physical Properties

 SFR and M* closelySFR and M* closely
tied: Big galaxiestied: Big galaxies
are forming starsare forming stars
fastest.  Slope is ~1,fastest.  Slope is ~1,
so birthrates similar.so birthrates similar.

 Formation epochFormation epoch
loosely anti-loosely anti-
correlated withcorrelated with
mass:  Big galaxiesmass:  Big galaxies
are older.are older.

 EnvironmentalEnvironmental
dependence verydependence very
weak (as seen inweak (as seen in
BoucheBouche &  & LowenthalLowenthal
2005).2005).

Finlator et al in prep



Correlation of ObservablesCorrelation of Observables
 Color-magnitudeColor-magnitude

relations showrelations show
scatter from dust.scatter from dust.

 Color-color plotsColor-color plots
show tight relation:show tight relation:
Dust scatters alongDust scatters along
line.  Hey, thatline.  Hey, that
gives us an ideagives us an idea……

 Loci will beLoci will be
compared tocompared to
GOODS data whenGOODS data when
available.available.

Finlator et al in prep



Downsizing in SimulationsDownsizing in Simulations
 Hierarchical models predict bigHierarchical models predict big

haloshalos form late, but  form late, but galaxygalaxy
formation not simply related.formation not simply related.

 ““HierarchicalHierarchical”” means  means big halosbig halos
form form late, but collapse , but collapse early..

 Star formation begins on collapse,Star formation begins on collapse,
so halo and star formation timesso halo and star formation times
are are anti-correlated..

 This is sometimes calledThis is sometimes called
““downsizingdownsizing”” or  or ““anti-hierarchicalanti-hierarchical””
behavior, but is actually a naturalbehavior, but is actually a natural
prediction of CDM.prediction of CDM.

 Nevertheless, still requireNevertheless, still require
increased efficiency of SF at earlyincreased efficiency of SF at early
timestimes  –– happens naturally in happens naturally in
simulations, as we shall see.simulations, as we shall see.

Van den
Bosch
etal 04

Halos

Galaxies



Phase Diagram of AccretionPhase Diagram of Accretion
 OperationalOperational

Definition:  Cold andDefinition:  Cold and
hot modehot mode
distinguished bydistinguished by
TTmaxmax, maximum, maximum
temperaturetemperature
reached by gas untilreached by gas until
it gets into a galaxyit gets into a galaxy
and forms stars.and forms stars.

 Figure showsFigure shows
example phaseexample phase
paths of 5 particlespaths of 5 particles
from each casefrom each case
(distinction(distinction
exaggerated).exaggerated).



Bright-end Excess in NIR LFBright-end Excess in NIR LF
 Excess evident at z~0 (vs.Excess evident at z~0 (vs.

2MASS), but not so evident2MASS), but not so evident
vs. K20 data at z=0.5vs. K20 data at z=0.5__1.5.1.5.

 Simulated K-band LF brightSimulated K-band LF bright
end end doesndoesn’’t evolve mucht evolve much
from z=2from z=2__00, while data, while data
shows substantial passiveshows substantial passive
evolution.evolution.

 Simulation evolution aSimulation evolution a
balance between new starsbalance between new stars
forming and old stars fading,forming and old stars fading,
plus lots of plus lots of dry mergingdry merging..

 What stops growth? (AGN?What stops growth? (AGN?
SuperwindsSuperwinds?)  Does dry?)  Does dry
merging occur or is itmerging occur or is it
numerical numerical overmergingovermerging??

Squares, triangles, diamonds: G6
simulation results at z=0, 1, 2.
Line with errorbars: 2MASS @
z~0
Line with circles: K20 @ z~1.



Simulating Simulating DustDust Extinction Extinction
 ““FiducialFiducial”” Dust Model: Dust Model:

CalzettiCalzetti Law.  Take z~0 Law.  Take z~0
Z-Z-ττVV relation from relation from
TremontiTremonti et al, plug in et al, plug in
stellar stellar metallicitiesmetallicities from from
simulation, plussimulation, plus
Gaussian scatter toGaussian scatter to
broadly match data.broadly match data.

 Big galaxies are moreBig galaxies are more
metal-rich, dustier.metal-rich, dustier.
Most galaxies haveMost galaxies have
Z~0.1-1 solar.Z~0.1-1 solar.

 Compared with HDFNCompared with HDFN
extinctions measured byextinctions measured by
Thompson (2003), withThompson (2003), with
broad agreement.broad agreement. Finlator et al in prep



Physical Properties of SimulatedPhysical Properties of Simulated
GOODS GalaxiesGOODS Galaxies

 Simulations: High-zSimulations: High-z
UV-drop galaxiesUV-drop galaxies
are generally are generally mostmost
massive, strongestmassive, strongest
star formersstar formers (not (not
transient bursts).transient bursts).

 Couple of galaxiesCouple of galaxies
with with SFR>1000SFR>1000
MM/yr/yr:    SCUBA:    SCUBA
sources?sources?

 Big galaxies areBig galaxies are
redderredder, mostly due, mostly due
to higher Z to higher Z ⇒⇒ more more
dust.  Birthrates ~dust.  Birthrates ~
constant.constant.

 M/L lines: 1/8, M/L lines: 1/8, __, and, and
__, showing typical, showing typical
M/LM/L3.63.6~0.25.~0.25.

 Compare to dataCompare to data
soon!soon!

Finlator et al in prep



Accretion vs. EnvironmentAccretion vs. Environment
 At high-z, specificAt high-z, specific

accretion rateaccretion rate
doesndoesn’’t dependt depend
dependdepend much on much on
environment (localenvironment (local
galaxy density).galaxy density).

 At low-z, fairly strongAt low-z, fairly strong
trend with galaxiestrend with galaxies
>few L>few L** density density
showing much lessshowing much less
accretion (comparesaccretion (compares
well to SDSS,well to SDSS,
Gomez Gomez etaletal 03) 03)

 Hot mode also isHot mode also is
dominant in higherdominant in higher
density regions,density regions,
tracing masstracing mass
dependence.dependence.

Keres et al 2005
Points: Median accretion rates 


